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Abstract

This paper presents the development of a low-cost,
regeneratively-cooled thrust chamber for the Fastrac
engine. The <chamber was {abricated  using
hydraformed copper tubing to form the coolant jacket
and wrapped with a tiber reinforced polvmer composiie
material to form a structural jacket. The thrust chambper
design and fabrication approach was based upon Space
America.  Inc.’s 12,000 Ib regencrativelv-cooicd
LOX/kerosene  rocket FFubrication ot
regeneratively  cooled thrust chambers by

cnging.
ribewail
construction  dates back 1o the carly 7.8, ballistic
aisstle provrams. The most stemificant mnovattons i
s destgn was the development ol a4 low-cosl process
tor fabrication trom copper whing tnicked alloy was ihe
usual practice) and use ol graphite Composite overwran
4y the pressure contamnment. WHICH vicwds an casthy
tfabricated. lightweight around  the
copper tubes. A regencrativelv-cooled reusable thrust
Jtamber can benetit the Fastrac cngime program ny

pressure jacket

Aowing more elficient (cost and scheduler testma,
~roof-of-concept test articie has been tabricated and
vk be tested at Marshall Space thight Center mowie tate
Summer or Fall of 2000,

Introduction
oo oalrac onuime coeetan Al i
NI OO Y odrii. OO

iemonstrate that off-the-shelt products and comimercial
nractices could be used 1o develop low-cost rocket
engines. Initially. the Fastrac engine was mtended for a
ground launched expendable bhooster. but carly in the

PEPTSEE I ot IR RIS R] N . DR ol
pace Aamenci. dne. currentdy Liguid Eooine Svsiems fngineer.
SNASA/MSFC, Senior Member.
“ombustion Devices Engineer and COTRD NASAMSFC, Uenror
Member.
" Chief Engineer. Senior Member.
Sisomatenal s dectared 4 wOork of e Lo GuVermiment and s not
ubject to copynght protection n the United States.

design cycle it was chosen as the propulsion system for
the X-34 high speed research vehicle. Since moving
into the flight development stage. the engine has been
re-designated the MC-1.

Space Amernca. Inc. (SAD submitted a proposal
inder NASA Research Announcement 8-21. cveie 2 to
evetop a regenerauvelv-cooled thrust chamber tor the
fastrac engine. The thrust chamber would be based on
the design and fabrication processes demonstrated in
SAPN 12,000 1b, thrust (12K). regeneratively-cooled,
T ON/kerosene thrust chamber.

A regenerativelv-cooied  thrust  chamber  could

enetit e bastrac cngme provram by providing a

cusabie thrust chamber. thus ailowing more cost
ciictent tesung and operauon.  This paper wiall discuss
ne destgn and tabrication of the rroof-of-concept test
article and the test program that witi be conducted with
the chumber.

seseurch Objectives
he obrecuve ol the contract was 1o evolve the

shrication approaches used by SAL in the construction
A the 12K thrust chamber o a nigher fidelity unit
which couid undergo hot-tire testing with the Fastrac
mam injector. Speciticallv, the research objecuves are

he tollowime:

e Rloth LR L Tyoronnanta sreneratively cooled

THET LOGINDER T e = asUac Inrnn: Lsing the low cost
egeneratively .ooled thrust champer methodology
Jeveloped by SAl for the 12K chamber.

. Develop  conceptual layouts for integrating a
regeneratively cooled thrust chamber into the Fastrac
angine assembiv. with specific application to integration of
2o e X-34 flight

sl erative PESSESIO RGNS FE W

st program.
. >rovide a proof-of-concept test article to MSFC for a 3-
zstseries in TS 116. The test arucle wiil be tested at the
same operating conditions as the current thrust chamber
assembly testing.  Thermal data will be obtained to
~easure the cuk coolant temperature increase and the
tube/composite  jacket

temperature  at  the coolant
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interface. This test article will be examined to investigate
life limiting hardware issues.

Background

The Fastrac engine was initially intended to be a
booster engine for low cost expendable launch vehicles.
A number of design approaches were taken to make the
engine easier to produce to achieve the low ‘cost
objective.
simplified designs to enable tabrication  with
commercially available machining cquipment.  Using
ablative nozzles provided a good solution to that
problem. The Fastrac engine became the X-34 main
propulsion system and final development was based on
that application. A significant amount of the hardware
design was essentially frozen, and redesign 1o increase
the reusability would have adversely impacted the cost
and schedule of the engine. The Fastrac ablative
nozzles are designed for a 300 sec burn duration, or a
23 sec engine aceeptance test and wooiuld durauon 33
sec) burn during a X-34 mussion. It 15 a 20:1 expansion
rutio nozzle, but the nozzles are otten truncated at 15:1
The Fastrac engine

for sea level development testing.
operates  at a chamber pressure o 433 psa oand
produces 60.000 1b, vacuum thrust.

Space America. Inc. is develonme woamny o low-
costocaommercial rocket vehieles nowdimy sounding
sockets, mulitary target vehicles. und fight and medium

class expendable  launch vehicles. Regeneratively

sooled thrust chambers are cost citicient for space

America’s main  propulsion  svsiems by allowing

additional  development  testing swithout having o

repliace disposable thrust chambers, Uie cost eiticieney

nereases tf the vehiele or stage s recovered.

SAL  began
coenerativelv-cooled  loxskerosene rocket engines al
the 4000 1b, thrust level with parually-cooled thrust
provided

evolutionary <devetopment ot

chambers. The 4K cengines valuable

Primary among these was the use of

experience and test data and led to development of a
12,000 1b, regeneratively-cooled engine. The 12K
engine is fully regeneratively-cooled. using copper
tubes hydratormed and shaped to fit together to form
the nozzle and chamber contour.  The graphite
structural overwrap approach that had been entirely
successful at the 4K level was maintained. A test
apparatus was built to develop and prototype the net-
shape hydraforming process. Figure 1 shows the
chamber during assembly (photo on the left is the
tubewall assembly partially welded. and the photo on
the right 1s the fully assembled chamber after
application of the graphite reinforced composite
overwrap jacket).

Application to Fastrac Engine

A regenerativelv-cooled thrust chamber can benefit
the Fastrac engine development program in many ways.
it allows increased development testing without the
ime and - expense ot ablative  nozzles.
Regeneratively-cooled engines are generally expected
to provide approximately 19 increased pertormance,
although the counteracting real processes inside the
chamber may tend o dissipate  that
theoretical increase.  In the X-34 program. or any
cusable vehicle. G oreeenerativelv-cooled engine also
SECTCASeS  program risk by
‘himinaung the requirement o istall a new nozzle atter
ach mission.

replacing

sombustion

cost,  ~cheduie.  and

Crogram Philosophy and Approach

\n ageressive schedule was established in order to
oroduce test hardware tor an anucipated  test stand
svatlability approximately 6 months {from contract start.
L'oncurrent design practices were uulized 10 enable the
Jesign o progress based upon lirst-order calculations
while higher-order analyses were being developed
independently by consultants — when the higher order

Ao

F{eure 1 — Space America 12K Regen-Cooled Lo

£ it

x/Kerosene Engine

Lot — Ourme Weld-up: Rieht — rer Composite Jacker Fab
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analyses were obtained. that information was
incorporated into the hardware design. The program
was planned with four primary tasks: preliminary
design, detailed design, fabrication. and testing.
Reviews were held with MSFC at key milestones in the
program.

Initially, the preliminary design focused on key
areas of technical risk. A primary objective of this
program was to demonstrate that fabrication of a
regeneratively cooled Fastrac thrust chamber can be an
cconomical alternative to the current ablative chambers.
Therefore, the proof-of-concept test article needed to be
representative of any eventual tlight unus.  This
presented a number of contlicting requirements.
principally, the ability to design the chamber for tesuing
as a thrust chamber assembly while maintaining the
ibility to integrate 1t into the engine svstem. i
concern was the ability 1o develon  esigns and
‘abrication processes for the manuiacture ¢l o sincle
roduction uml, winle nunmimiZing e ausien oundes
seeded for increased producton.

The Space Amernica. Inc. 12.000 Ibt rocket enuine
aperates  at - 250 psia chamoer
ceenerative-cooled 1o an ared rato or approximatety

pressure ond o Is
Sf. it has a 6.97 diameter mroat, a4 R3T Coambusiton
saamber diameter and s anproxvimatety C2 g T
IR engine uses guid miestion tirust s octor Controd
nd the side Toree Hie cumposiie mcket must curry s
Snuime

clatuvely mimor. 3y conuaslh, he ustriay

aerates al 033 psun as o 20T
(12827 combustion chamber diameter. and the 50

LN e

Saimeler arodd,
rea rallo nozzle 1y oapproximatety w4
JASAC engine Iy gimbaicd and uses Byo sdlors e
aply foree to move the enaine o direct the irusk. e
Acreascd  GPCraling pressure. «orger nozzle. ol e
SO loads  are srgnicant  Lrdlons spen ere
addressed  during  the  design. Additionallv.  SAI
dentitied that the larger nozzie necessitated the use ot
sturcaton ol the wbhes o aounle 1he numaer fnes
e arverent nons/ue.

ofsisted ol fhree  separate, Cdl paratiel  Louvites:
‘abricating  subcomponent und assembly
sabricating the hydraformed tubes. and (abricating the
manifold parts. Throughout tabrication ot the test
article parts, inspections and tests were conducted in

ronnee et ceeeiied e e

wooling,

HNY NAg 10 De designed Gnd Uslont tull for 11s
sroject. partly due to the physical difference between
“e fFfastrac chamber and Space ameriea’s [ 2K enamne
and partly to solve problems identified during
fabrication of the 12K chamber. Fabrication tooling
weiuded hvdratorm ords, cupe mreshune Lod ereterm
vslem. .ad

s, L hiydraddic avdralorming

Che ehiel

miscellaneous alignment and fixturing tools.  The
assembly tools included a horizontal assembly cart, a
vertical assembly pallet. an assembly mandrel, and
miscellaneous alignment and fixturing tools.

Design
The preliminary design effort defined the
functional requirements, updated the conceptual
designs, and reevaluated proposed manufacturing
techniques.  The contract required fabrication of a

single thrust chamber for design verification testing.
[Fabrication of additional regenerative thrust chambers
is highly uncertain, and depends upon the performance
of the component during testing and upon the direction
of the MC-1 engine and X-34 programs. Thus, design
and fabrication approaches were reviewed during the
prefiminary design effort to determine the optimum
approach for tabricauon of the test article, and to define
reas that couid and would be improved if production
I the regen-inrust chambpers was needed. This section
vitl present the derived requirements for design of the
sest article. design trade studies. and integrated engine

coneepts.

desten Reguirements

since  iture alewration o thie Fastrac engine
Ssembivois e purpose ot s development, defining
Ae mteriaces cvas the trst prority. Twoosets of
atertaces and desten reauirements exist - lirst for the
ostariicle wiad s tostny at MSEFCL Lad second for the
alegration ol a recen-chamber into the Fastrac engine
irade  siudies  were  performed.

asemibiy averal

weluding stermne che ieed  line

ONHEUNEINON. 1Ie Cootdnt Circut tone-Pass or puss-und-

e )

~hall). ung rabricauon processes for tube-tube and
shewail-manuold joming and the composite jacket.
The cooiant tubes must be primed with fuel prior to
rarting the main combustion chamber.  The life of a
Solant tune without cootant tlow. ot the heating rate
TINAl. susochan nalt o
Silieurations
priming

o i RO SN

SUSL Looount ovtant  acket

“equirement.

The test articie strucwural jacket was structurally
designed tor the currently predicted Propulsion Test
Article and X-34 thrust vector control actuator loading

RIBAAAERY RS T PTG, oS
SSUIICU Gl Lie Composite jaeket woutd be designed to
carry ail of the actuator loads.

The hasie wpproach W developing concepts for
integrating a regeneratively-cooled thrust chamber into
the Fastrac engine assumes the major components stay
Ao sume. and most i the same positions. but all of the

SCONUArY Components can oo rewrranged.  rving to

SANCrican (nstutule of Acronautics and Astronautics



create a regen thrust chamber as a line replacement unit
and interchangeable with the ablative nozzle seemed to
be unrealistic. In effect. this produces two different
Fastrac engines - a regeneratively cooled Fastrac and an
ablative Fastrac. with the only difference between the
two engines being the thrust chamber and the size of the
fuel orifice. The engine must have a horizontal start
capability, i.e. use in the X-34, so consideration of the
coolant jacket priming is essential. Relocation of the
main fuel valve became essential to integration concept
development. The governing assumptions and ground
rules for the new fuel flowpath in the regen-engine are
the following:
——  Turbopump relationships remain unchanged
Existing propellant infets to the engine
Existing orientation with respect to the injector
Existing MOV position
Existing belly band
Maintain pressure drop within existing fuel orifice
delta-P
~—  Horizontal start capability

®  coolant jacket primed at engine stan
~ MFV can be repositioned
—  Existing ignition system
— Maintain injector feed (splitter block and steer horns) as

similar to existing as possible

—  Use existing TVC actuator bracket

~—— Ancillary engine components subject to rejocation
. igniter valves, bypass valves. purge vaives. 7CA
igniter assembly. etc.

Integrated Engine Concepts

To demonstrate how the
thrust chamber can integrate into the engine svstem 1o
nrovide a regeneratively cooled Fastrac cengimne. @
couple of conceptual lavouts were developed. A
concept was developed for an altitude engine with a
30:1 expansion ratio nozzle. such as the X-34. and for a
booster vehicle application.  The conceptual lavouts
~nly show the major engine components — regen thrust
Qamner. trboPuUMDP. us SCNCrator. maln nIector. man

regenerativelv-cooled

(0 L WVe. N CXIAIZCT VAIve, Urnopump  Oriacket,
IVC actuator bracket. lox teed hine. and tuel teed hine.

X-34 Application
Figure 2 shows a conceptual model of a
regeneratively cooled Fastrac engine suitable for the X-
Soresedren ccrospace plane. e ci Gie soverny
design requirements was the abtlity to have the coolant
jacket tully primed at engine start, thus the coolant
Jacket needed 1t be between the fuel turbopump
discharge and the main fuel valve. As part of the X-34
mission profile the vehicle is carried at an altitude of
-5.000 ft for about ai hour prior o drop and engine

Fienre 2 = Fastrac Engine with Regen-Cooled
Thrust Chamber tor X-34 Application

iamuon.  The ambient temperature at that altitude is
near the freezing temperature of RP-1. thus a major
svstem integration study will have to address that issue.
The MEV is moved to the opposite side of engine,
moved up, and uses the same splitter block arrangement
as the existing engine to distribute {fuel to the two sides
of the injector. The engine svstem is shown with a
nozzle extenston to provide the 30:1 expansion ratio
nozzle. The thrust chamber is regeneratively-cooled to
an area ratio of 15:1 and nozzle skirt i1s connected to a
Aanee included as part ot the fower tuel manifold.
hown 1s o ozzie skartthat s cooled by dump cooling
1 transpiration cooling with the vas generator exhaust.
similar to that used on the Saturn F-1 engines. An
ablative nozzle extension or an uncooled refractory
metal nozzle could also be used. The low heating rate
in that portion of the nozzle would allow a properly
designed ablative nozzle extension to have a life of
overal Srgh-lemperature
refractory metal nozzle extension probably would not
be a good choice for the X-34 application because of
ihe radiative heating foad generated to the aft section of
the vehicle.

Call-duration osts. The

American institute ot Aeronautics and Astronautics



Fivure 3 — Fastrac Engne with Reven Thrust
Chamber tor Boosier Application

Hooster Appitcations
In the SAL 12K cngime. the tuet ifows rom e
apper manitold directly into the myector tuel manitold.

hus avording piping to connect the upper tueci mamlold
o the mector. 10 s assumed e Fastrac engine 13
<aarted inoa vertical contiguration. ds inou vertical
akeoft launch vehicle appiicauon. this same tvpe o1

vstem can be used. The coolant acket could e

Sptitter Block and
Adapter Flange

‘'nper
rdanitold

Composite Jacket

Fuel Inlet and /
Facility Adapter Flange

manually pre-primed. or the start sequence modified to
fill the jacket as part of the start transient.

Figure 3 shows a conceptual layout for a booster
application Regen-Fastrac engine.  The fuel pump
discharge is connected to the main fuel valve, which is
rotated down 180° from its current configuration. The
MFV feeds the lower manifold. The upper manifold
feeds the injector directly through holes or slots in the
thrust chamber flange and the injector. The concept
model is shown with the 15:1 nozzle used for the test
article design. The exact nozzle contour would have to
be optimized for the specific booster vehicle
application, but that has relatively minor implications
on the hardware design.

Design Description

Figure 4 is a CADD model of the regen thrust
chamber test article. The coolant jacket 1s fabricated by
welding hvdratormed copper tubes together to form a
Zontinuous tbewail. The regen thrust chamber contour
i the same as the existing ablative nozzles - with one
exception — the straight segment in the throat has been
removed. A straight throat section 1s often used in
ablauve throats. but s unnccessarv in a hardwall
chamber.  The major components ol the assembly
mclude the rubewatl, the fower and upper mantfolds,

and the composite structural jacket.

Copper tubing, ailoy CI2Z0 & nvdraformed to
btam the correct widths at all axial positons along the
“hirust chambper contour to proguce o continuous coolant
racket. Itis tormed using two sets of tubes: the first set
somprise the combustion chamber and nozzle section to
aarea ratlo ol about 53010 The second set of tubes

~orm the nozzie trom the 231 to +3:01 area ratios. and

.cwer Manifold

“uoe wWall

A

Tube Ends

Splice Ring  Plugged

Figure 4 — £xploded View of Thrust Chamber
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contain twice as many tubes as the chamber/throat
lubes. A machined copper ring with pass-through slots
is used to take the coolant tlow from two nozzle tubes
into ene chamber/throat tube.

The fuel enters the thrust chamber at the nozzie
exit with a single inlet duct. The inlet manifoid, a
toroid formed by rolling a piece of stainless steel
tubing, distributes fuel to each tube through a slot in the
top of each tube. The torroid is attached to rings
weided to the tubewall, and the upper support ring
serves as a lransition to the composite juacket.  The
upper manifold contains the thrust chamber flange to
attach to the injector. The injector interface design is
exactly the same as the ablative design, with particular
attention to ensuring the aperture to the injector
acoustic cavity is the same. [Fuel exits cach tube
through a slot in the top of cach tube to the manuold.
The upper manifold exit is located 180° from the inlet
0 provide as equal tlow as possible throuch cach tube.

The compostie jacket Ibricaled asng e
mvolute fabrication process. discussed inoine next
section. A graphite/phenolic preimpregnated fabric was
selected  due to the predicted temperature ot the
vmposite/ubewall interrace.

aibricatton Process Selection

v onumber o trade studies svere nreriarmed duriny
‘e design phase to select the abrication methods o oe
sed on the test artieie.

A he SAL 2K dhrust cnamoers oD s
Fungsten Arc Welding, often cadled TIG) process s
sed to o the wbes to form e tube wall wnyg seat ot
as trom the compositie overwran.  Che TG wekd was
~ed because of problems wuh o suver-solder rraze i
ne 4K recen-cooled chambper tonly the evander ~ection
4 tat chamoper was cooled). SINY o foren-braze
rcquires heating a much larger arca. creating differenual
hermal expansion. contanunation problems during the
aring ol the  composile kel .nd o cossible
STEHurser Ul RO v

NATHU SR

CONSIIRTEU OPUIMUIM. 11 Lo radiiionud methods uscd
“0 join coolant tubes for rocket engine thrust chambers
are lurnace brazing and clectroplating.

After reviewing the specifications for furnace
brazing ualloys. we determined that furnace brazing

wrl e eeappie - G

maZzing cmperature
scquirements of the assembly tooling.
dectroplating 1o joinimge nethog Bor
engines, and is used on SSME. Arane V., and numerous
other rocket engines, and scemed like a reasonable

s vendiuded Tl

reqguired nd He wded

tunewidl

ernanye ter RIS arphication,

qectroplating would be an o excetient candidate tor u

production run of regen-chambers. however for a one-
unit production the non-recurring engineering and
100ling costs were prohibitive.

The SAIl 12K engine has a graphite composite
materiai structural jacket fabricated on top of the
tubewall and tied into the upper manifold. The SAI
12K uses a liquid injection thrust vector control system,
so the side force. and resulting bending moment, that
the jacket must resist is small. The primary load the
jacket must contain is the combustion chamber hoop
stress. A composite jacket was proposed for the Fastrac
chamber using an involute fabrication method. An
involute composite lay-up is often used for ablative
solid propellant rocket motor nozzles, so extension of
the method to this application is somewhat unique. An
alternative identified in the proposal was to fabricate
hie structurai jacket by electroplating nickel on top of
“he tubes.

An anvolute lav-up  technique means that a
amposite part 1s iabricated using inaividual panels of
~omposite tabric iad on top of cach other. each offset
Dvosome amount.  One can envision an involute by
“aking a deck ot cards and spreading 1t out on the table
cith cacn card otfset parailel to cach other by a set
~mount. Then ke the cards and bend them around a
~andrel cad ek the end o the spread out cards
sderneath e regmmng tootorm ooovinder. A
ampostie wekel can sumilarky be fabncated tor a rocket
nuine by tukimye axiad srips and imdividuaily forming
ACn o the contour of the ihrust champer using graphite
‘her tabric pre-impregnated with resin. An involute
shricauon technique requires very fittle woling and 1s
aexceetient ¢pion [or prototvping,

vodesten rade studvowas develored to o weigh
bricauon cor the composite jacket with an involute
ackel versus Hie more conventional method winding or

tiber placement. The review determined three critical
dsadvantages o the convenuonal method.  First. in
rder to use u winding machine tor the composite jacket

: TR ML Sper e ulb ot the

i NN oondd caaddd. oo L teodinye
soutd be ueeded di thie nozzie extt and e injector
tertace flange to allow the fibers to wrap around the
cnds (matenal which would be later cut otf), and this
tooling would be large and could be outside the costs
budgeted for composite jacket tooling. Finally, the
achimne s

Pioiariaee . orryaess e N e

Thnyg
~apject o e priorites ol the government s use, and as
~uch. could create o schedule problem atfecting test
stcie delivery. The primary advantage of the fiber
winding machine is that the jacket would be applied in
cssentially the same design as the existing ablative

SAMDOTE. U INHNZAING [SChNICal fk.
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The third alternative evaluated for the structural
Jacket was electroplating a nickel jacket on top of the
tubewall. Nickel offers a high strength, high modulus
material and brackets could easily be added by welding
them directly to the nickel. The attractiveness of the
nickel jacket exists only if the tubes are joined by
electroplating. Once it was determined that
electroplating the tubewall was prohibitively expensive,
a more detailed investigation of the nickel jacket was
abandoned. Issues which need further investigation are
differential thermal expansion and the resulting thermal
stresses, and crack propagation caused by the
preferential grain growth direction.

Prototyping
A number of prototyping activities occurred during

the design phase in order to completely understand the
processes required for fabrication. All processes were
prototyped which were significantly different than used
in the 12K thrust chamber. or where the process used in
the 12K  thrust chamber «could be improved.
Prototyping was conducted in three areas, tube welding
and brazing, tube hydraforming, and composite jacket
fabrication.

Design Analvses
Fluild dynamic and  structural

conducted as needed to support the test articie design
and to predict the performance ot the hardware. Lower
order calculations and analyses. empirically based and
stmple analvtical equations, were generated to begin the
design  while higher order uanalvses were being
developed.  Computational fluid dynamic analysis of
the tlow through an individual tube was conducted to
obtain a higher resolution of the tluid bchavior 1n the
individual twbes.  Finite clement method  structural
analysis software was used to support the mechanical
design of the test article.

analvses  were

Cluid Dynamic Analysis

Thermai analyses were acveinped o
temperature at the tubewall-composite jacket ntertace.
the bulk temperature rise in the fuel. and the coolant
circuit pressure drop. The analyses were anchored
against test data from the SAI 12K thrust chamber. A
hot-gas side prediction was made using the Bartz
with correlations to K datas and s

credicl e

wuation, the
<shown 1n Figure 5.

A 2-D transient model was developed to predict the
heat transter in and through the copper tube. The
transient analysis shows that the engine reaches thermal
steady-state after 2 seconds of mainstage operation (the
~imulation ignored the engine start transient). [Figure 6
15 a plot of the temperature distribution through the tube

Bartz Equation, Fastrac Engine

14
12 __
@
Mo —
28 -
[20]
- .
5! T ;

0

6 8 10 14

Area Ratio Parameter

12

o . 2 4
] )

Figure 5 — Predicted Heat Flux for Fastrac Engine

wall as a function of the position along the tube from
the center of the tube inside the chamber to the center
of the tube at the interface to the composite jacket. This
plot shows the predicted temperature across the tube is
approximately 70°F. It also shows that the temperature
at the composite jacket interface is approximately
260°F. The heat conduction through the tube and
predicted inside wall temperature is used with a liquid-
side convection model to predict the temperature rise in
the fuel coolant. The predicted bulk temperature rise is
approximately 160°F. A pipe-flow, friction factor
method was used to predict a 22 psid pressure drop in
the coolant tubes minus the nlet and exit effects.

Fastrac Tube Transient Analysis
3teady State Temps

850 | ‘
' iLocus of

500 ¢ gy

550 | i
<0 |
5500 | & !
3 Locus of
3450 | *Min Temps \
400 | ‘
i)
T 350 4 !

300 i

150 ¢ J

Figure 6 — Coolant Tube Temperature Profile at
the Throat

Che computational Tuid dvnamic 1CFDY model
imulated the ffow nocach or the tudes. but not the
iniet, exit, or the tube splice ring. The CFD study
included the effects of variable properties (density,
viscosity, specific heat, etc.. a function of
temperature) and used predicted tube wall temperatures
generated by the analytical models. The CFD results
correlated very wetl. predicung a total temperature rise
of 158°F and a pressure drop ot 24 psid. The CFD
analysis modeled the boundary layer of the flow at the
hot wall and determined that the conditions required for

coking of the RP-1 propellant do not exit.

as
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Structural Design and Analysis

As with the fluid dynamic analyses, the structural
analyses were conducted in two phases. initial hand
calculations and low-fidelity finite clement method
(FEM) models were used to size the hardware while
more detailed FEM models were being developed. The
structural jacket design requirements were based upon
the loads from an integrated engine with maximum
TVC actuator loads. Problems with developing the
detailed FEM model prevented having the final result
until after the detailed design was complete. As will be
discussed. the tinal FEM analysis indicates the test
article has sufficient structural margin for engine
testing, but may not be able to support the predicted
TVC actuator loads. The composite jacket was sized
using the initial assumption that the jacket carried all of
the combustion chamber pressure and  maximum
nredicted TVC actuator loads.  The predicted TVC
actuator loads are guite high and include peak dvnamic
oads as static loads - a conservauve assumption. Using
vendor data Tor typical  graphite/epoxy  composile
materials, a conservative design was chosen to provide
4 wall thickness of 0.257 in the combustion chamber
and through the TVC actuator posttion on the nozzle.
Bevond the TVC acwuator the destan thickness was

wduced o 0.200 10 because ule haa Srosentond

qarther thickness  reduction wvould  save  ceen o
sanutacturing problem.
The cross-sectional ccometries of the coolant tubes
Laolunction of axtdl position. and the associated wall
Jicknesses. were developed using the fow-ievel FEA
oftware.  The analvsis was vahidated  deamst the
roven 2K geometry.

copper tubing had fully anneaied strength properues.

he desien eriterta assumed the

cwven though a stenificant. but varabie wmount ot cold-
~orking 1s present in the tubes atler the nydratorming.
Thus. any grain growth. and subsequent reannecaling,
saused by the heat introduced durtne the assembly
veiding 1s essenually wrrefevant. The 2-D rransient neat
UICT Tandel s neod e e e e
ol AR Sl edidnoaes . L e
cocally i hugh neat transter arcas. out thal hie aue
thermal cvcle tatigue 15 of the order of 100 cveies
estarts to mainstage).
The detailed model included the internal chamber
pressure. the internal tube pressure. and the TVC

Ui W . ot

gdividual wbes. the welds, ine spree ning.

g, oand the

compostte jacket were limited by the soltware. A plane
rsvmmetry down the center or the thrust chamber was
detined and half of the chamber was modeled. Initial
results of the model scemed to contirm the initial
oslenorrsulis, nowever wnen abooq e oads e

combined. and the meshing proolems solved. the model

predicted negative margins in the tubes in the divergent
portion of the nozzle between the splice ring and the
throat. The final model included updated property data
for the graphite-phenolic jacket. Since the stiffness
modulus for the composite jacket is less that the
stiffness of the tubewall, the bending moment from

“applying the TVC actuator load is restrained by the

tubing instead of the jacket.

When the graphite-phenolic fabric was recetved,
tensile test articles were designed and fabricated in an
attempt to gather property data for the involute jacket.
Two tensile test samples were designed — one to obtain
the bond strength between the jacket and the upper
manifold and the other to obtain the bulk tensile
strength in the as-laid configuration. The bond test
specimen provided results representative of the matrix
heing used.  However. the tensile test specimen data
wis inconclusive due to insutficient fiber length.

Composite  matenals  experts at MSFC  were

onsuted 1o review the tensile test data and its impact
1 the mvolute jacket design. It was determined that
without signiticant additional testing, the involute
sacket may not he able to support the design
ceauirements.  However, since structural testing with
TV actuator loads was not in the test plan. and since
neactuator loading the critical foad. the involute
acket was redesigned using updated design criteria and
designed  for the inernai chamber pressure as the
sritical load. The test obiectives tor the test article can
uil he met with the cnamoer, however the design had
v be further tterated to account for fabrication issues.

Fhe neeative margim predicted in the tubewall as a
ssudt of the lubewall, sphce ringe, and composite jacket
he ~wructural design needs to be

esion  mdieate

[
rentticanty readdressed as a tollow-on project.

Fabrication
Special wwoling had to be fabricated for the tube
rmine and champer assembly due to the significant
Lereney: wweon o 8D D g the tastrac
ayarauiic
assembly

Coalinet - e ERE N RO RAS Loiudes
avdralorming  cquipment. i
mandrel. and misceilaneous assembly fixtures.

The assembly mandrel and horizontal assembly
cart is shown in Figure 7. The sections in the
combustion chamber. the convergent nozzle throat. and

Y . - Jao LI separate
sarts labricated trom fow-carbon steel. The remaining
scction of the nozzle was tabricated by applying a thin
laver ol low-carbon sieel on top ol a special
polyurethane foam and metal structure. The foam was
machined undersized to the desired contour and the

azz0e and tiermal ure-spray metat deposition was used
o build up a steel shell to the tinal dimension. The

segmented

RS RO S H -
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Figure 7 — Thrust Chambe Assembly Mandrel

fabrication process for the nozzle mandrel was
significantly less expensive. than building it by rolling
and machining steel plate. There was also the added
~enefit of lower wetght and casier to handling.

Each of the two tube sections were fabricated using
. hydratorming process developed by Space vmerica.
‘nc. tor therr commercial propulsion svstems.  Adter
cach tube was formed to the final shape 1t was inspected
for defects and dimensions.  An cnd plug was GTAW
velded nto cach tube and proof tested to arproximately
0% ol the nominal operauny pressure inside the tube.

e ussembly owas drv-o en oo Se0mrs  anare
ad the it e entical regtons o1 the oo mpuston
snamber ana the nozezie throat was oxcerient »nth
rwally co vaps. Tleure nows e inewall
ssemply durtng drv-i.

OTAW was selected for the wpewal, weiding
ccause the single item production and 1rm. ved price
antract preciuded development o the clectroplaung or
ther joiming process. Deoxidizea conper tiler rod was
~ed or the tube-to-tube welds and aluminum-oronze
adler tod was used to join the copper tubewatl to the
-tainless steel manifolds. During welding ot the nozzle
sme o the tubes were overheated. winich moiurn
Aised paruai localy disinteeration or the mnaret el

SR N T

SO M o DC TSIIOICCU WL ¢ LCT s L il
axtal locations. This left unsupported vaps petween the
lisks. which compromised the desired dimensional
tulerances of the nozzle.

Torch brazing was selected for joining the tubes to
*he splice ring. A silver-bearing braze filler rod was

RNy B N TUTC
-npiication.  Prototype braze joint tests ndicated the
st desten would allow the braze matenai o 1low
stween e adjacent tubes andg provide a sirong joint
with no leakage. Atter brazing of the splice ring tubes.

stenificant amount of repair had o be made. und

-olnied Cviations 3 e THOC ol ~rer

Figure 8 Dry-fit of Tubewall Prior 1o Welding

xacerbated the brazing.  The resuiung braze joint is
~metcally poor. T contams socal cich spots which
nay cenerate small disturbances i e nozzie tflow.,
awever hey are not expected o cenerate shock
nduced hot-spots,

Yhile these mecnanical Hlaws cxasic they will not
tltect meeting the test obiecuives tor the thrust chamber
nd are major fessons fearned for ~ubseauent chambers.
JCCTCISe IFOm i non-opumum

SRV Derrormance
wzzle ~hape snould be munor. but thrust cannot be
weasured at the test taciiity. o the rertormance loss
~UNNot be determined.

The original composite jacket design used fabric
eces cut on the bras with respect to the tiber direction.
ws ailowine o he contormed e convex and

. . S NU S
B S TR T Lo direcuon ol
AL 0O SUIESs i e combustlon cnamber - the

zoverning Joad for the test article - ihe mvolute design
had to be modified to bulld up the throat region to
reduce the amount of contour change. Figure 9 shows
the chamber during fabrication of the involute jacket.

L S enor e ine
sdand fav-up o1 the mvolute preces o neip secure the
eces during the lay-up and to help bond the jacket to
aeotubewadll, 4 straun gages
were attached to the metal tubewall prior to applying
the resin and involute lav-up 1o provide test data during

Thermocoupies aid

RETES IS
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Design Improvement Areas

A laser brazing technique for joining the tubes has
been experimented with, and appears promising. This
process could significantly improve the time associated
with the coolant circuit fabrication. Since the involute
composite jacket design does not appear to have
adequate strength, a new design and associated
fabrication technique is needed. i

The bifurcation joint must be redesigned due to the
problems encountered during the brazing. The major
problem was the ability to machine a large piece of
copper into a small, relatively low mass part. It became
difficult to control, and copper is notoriously hard to
machine because as it is cut with the machine tool it
becomes dimensionally unstable. A second problem
with the current splice ring design was the difficulty in
scaling the vertical intratube leakage, i.c. the leakage
hetween the vertical sections of two tubes. Here, the
:orch braze material could not tlow together from the
ap and bottom to form o good scal.  ironically, this
~roblem was a result of the tubes fitting together too

well.

. P : » . . I \Woyrk
Fieure 10 - Chamber During Compostie rutyre Work

Jacket Fabrication At this ume, there are no plans (o integrate a
seenerativelv-cooled thrust chamber nto the MC-1

e outid-up recions were vacuum bag cchuiked s
sngine as the propulsion system tor the X-34. A regen

avers were apphied and the tmai mvoiute assemniv was
nrust  chamber could  reduce  program  risk by

dcbulked prior to the vacuum bag cure cvcie.

The completed thrust chamber 1~ whown i i-icure
Si- Abso shown s the upper mantold ethbow piock uny
the tuel adapter block.

Design/Process Improvements and Future yWork
Depending upon future applications of the irastrac

mane. and  the need o take wdvantage o the
cegenerauvely cooled thrust chambper. a4 few remamning
issues must be worked before tabrication ot additional
thrust chambers can begin. Lessons learned during the
abrication ot the test article maicate that desien and
COCHES TIIDTOVCIMCIN e toduhl o i oo
CLIT OTUZIIY PIoCcaalhe e e o et
4do e vomposile jcket  design andtabricaton
ATOCESS.

While the test article was not designed to be a light
weight test article, it 1s approximately the same weight
as the 15:1 ablative nozzle. The design of the upper

: coeannohds ound e
sergnt aid epumizing e Wwbe joming process and
compostte jacket fabrication would also save werght.
Tonservauvely, o light-werght cerston i the regen

thrust could save 10%-20% of the weight of the
ablative nozzle.

% i e ¥ % st e
oure 11 = Regenerativeiv-Cooled Fastrac Engine
Thrust Chamber Test Arncle
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eliminating the need to replace thrust chambers after
each flight. A comprehensive development program is
needed to develop the technology and design to produce
an integrated regeneratively cooled Fastrac engine. The
path is defined by four major steps; thrust chamber
process improvements, detailed integration layout,
detailed integration design, and component and engine
testing. '

Test Article Testing
Tests are expected to be conducted at MSFC’s test
facility in October 2000, depending on test stand
availability and MSFC priorities. The test objectives
are:

« To demonstrate integrity of the test article and assess
practicality of upgrading the Fastrac engine to a fully
reusable engine by incorporating a regeneratively cooled
thrust chamber into the design.

. To determine pressure drops in the fuel circuit and
therefore assess ease of integrating the regeneratively
cooled chamber into the Fastrac engine and power
bailance. Overall pressure drop in the fuel circuit is
estimated to be less than the pressure drop in the current
calibration orifice between the fuel pump discharge and

the injector.

. To compare measured temperatures on the combustion
chamber structure with analytical predictions. to confirm
predicted temperatures and heat transfer rates, and to
assess cooling margin for the regeneratively cooled

chamber.
The chamber wall is instrumented  with 4]
thermocouples attached to the outside ot the copper

tube wall. These were installed before the vverwrap
was put on the chamber. Thermocouple probes are
located in the fuel inlet and outlet manifolds to measure
bulk fuel temperature rise in the cooling jacket.
Pressure taps are located on the fuel inlet and outlet
manifolds. in the injector. and located in the thrust

shamber head-end manold o cheasure combustion
CLINDCT PTOSSUIC. LT SUECs W0 s o dadad ol Lo
tubewall.

All hot-fire tests will use the standard start
sequence for a component-level. thrust chamber
assembly test. Following checkouts, three hot-fire tests
are planned:

‘N-second test with LOX flow at etage 1 =nd #71 fuast finw

in this condition, the LOX ilow is metered by the LOX

valve and the fuel flow is metered by the facility cavitating
venturis. Chamber pressure is predicted to reach about

400 psia.

» 30-second mainstage test, targeting nominal chamber
oressure 633 psia.

. 150-second (full duration) mainstage test, targeting the
same condition.

Summary

A low-cost regeneratively-cooled thrust chamber has
been developed for the Fastrac engine, and a proof of
concept test article is awaiting test stand availability.
The cost of the regen chamber is expected to be
approximately 2.5 to 3.5 times the cost of the current
ablative nozzles, but it is expected to have at least 3
times the life. The exact cost is difficult to determine
until the identified process improvements are completed
and a nozzle skirt designed. The future of the Fastrac
engine and the Fastrac engine is unknown, so further
development of this thrust chamber is unknown.
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